We previously reported that 1, 2, 4-thiadiazole derivatives such as 5-(4-chloroanilino)-3-(2, 6dichlorophenyl)-1, 2, 4-thiadiazole showed high antifungal activities in vitro against Trychophyton mentagrophytes and Botrytis cinerea, and accumulated squalene remarkably. In view of the Nussbaumer's model of squalene epoxidase inhibitors, we synthesized the corresponding thiazole derivatives in which 2-nitrogen atom of 1, 2, 4-thiadiazole was replaced by carbon in order to explore the structural requirement of the heteroaromatic moiety for fungicidal activity. We further synthesized the related thiazoles having various substituents to investigate the structure-activity relationships.
INTRODUCTION
Squalene epoxidase converts squalene into squalene 2, 3-epoxide, which is a precursor of lanosterol in the process of ergosterol biosynthesis.
Because of its essential role in the sterol biosynthesis pathway in fungi, squalene epoxidase has been thought to be a target enzyme of fungicides. 1, 2) Some thiocarbamates, inhibitors of the enzyme, are clinically used as antidermatophyte agents in a medicinal field. However there are no squalene epoxidase inhibitors which are used as fungicides in agriculture.
In our previous paper, we reported a new type of squalene epoxidase inhibitors, i. e. oxadiazole and thiadiazole derivatives, among which 5-(4-chlorophenylamino)-3-(2, 6-dichlorophenyl)-1, 2, 4thiadiazole showed the highest antifungal activities in vitro against both dermatophyte and agricultural fungi such as Trychophyton mentagrophytes and Botrytis cinerea, respectively. This compound caused a remarkable accumulation of squalene in these fungi.3) This compound was of interest as a new lead of fungicide inhibiting squalene epoxidase.
According to the Nussbaumer's model of squalene epoxidase inhibitors, 4) it is thought that the thiadiazole compound contains two lipophilic domains, namely 2, 6-dichlorophenyl and 4chloroanilino moieties, and a polar thiadiazole ring as a spacer connecting the lipophilic domains in an appropriate length (Fig. 1) . In order to explore the structural requirement of the spacer for high fungicidal activity, we synthesized a thiazole analog in which 2-nitrogen atom of 1, 2, 4-thiadiazole was replaced by carbon.
The compound, 2-(4-chlorophenylamino)-4-(2, 6-dichlorophenyl) thiazole, was more potent in antifungal activity than the corresponding thiadiazole derivative. We were consequently prompted to synthesize the thiazoles having various substituents to investigate further the structureactivity relationships. The present paper describes antifungal potencies and squalene epoxidase inhibition activities of the thiazoles from the view point of structure-activity relationships. We also present the squalene epoxidase inhibition in a cell-free system prepared from Saccharomyces cerevisiae. 
Synthesis of Compounds
The thiazole compounds were prepared according to the procedures outlined in Fig. Substituted phenacylbromide (II) derived from acetophenones (I) and substituted phenylthioureas (IV) derived from anilines (III) were reacted in ethanol. Typical synthetic procedures of the thiazoles are described in the following example.
Identification of the compounds was confirmed by 1H NMR and MS spectroscopy. NMR spectra were measured on a JOEL FX-270 spectrometer with tetramethylsilane as an internal reference. Mass spectra were measured on a Hitachi M-80 mass spectrometer. Melting points and refractive indexes are uncorrected. 1. 1 Synthesis of 2-(4-chlorophenylamino)-4-(2, 6dichlorophenyl)thiazole (5) 2, 6-Dichlorophenacylbromide (8. 6 g) and 1-(4chlorophenyl)thiourea (6. 0 g) were dissolved in ethanol (30 ml). The mixture was stirred at 90oC for 12 hr. Solvent was removed under reduced pressure and recrystallized from methanol to give 5 (2. 
Biological Tests and Analysis of Sterols
Antifungal activities against Trychophyton mentagrophytes, Botrytis cinerea and Pyricularia oryzae were measured spectrophotometrically by using 96 well mi-crotiterplate as described previously.
3) The concentration required to give 50% inhibition of growth (EC5o) and minimum concentration required to totally inhibit growth (MIC) were calculated graphically. Sterol biosynthesis assay using [2-14C]acetate 4was also performed according to the established procedures6,7) with some modification as described previously.3) The inhibitory activity was expressed by the percent of accumulated squalene in total amount of unsaponifiable lipids.
Inhibition of Squalene Epoxidase in a Cell free
System of S. cerevisiae Saccharomyces cerevisiae (IFO-1346) cells were grown in a YEPD-liquid medium (yeast extract 0. 5%, polypeptone 0. 5%, glucose 3%, KH2PO4 0. 5%) on a rotary shaker for 24 hr at 30oC, harvested by centrifugation (3000 rpm) for 10 min, and washed with 0. 1 M phosphate buffer (pH 7. 4) twice. The wet cake (10. 7 g) of S cerevisiae was suspended in 15 ml phosphate buffer, then homogenized with 15 g of glass beads (0. 5 mm q) using a 32 ml Bead-Beater vessel (Biospec. Products, Bartlesville, Okl., USA). Fungal Cells were disrupted four times for 30 sec with 30 sec intervals under ice-water cooling. 8)The homogenate was filtrated with two layers of gauze presoaked in phosphate buffer. Glycerol was added immediately to the filtrate (final concentration 20% v/v), gently mixed and centrifuged twice at 3000 g for 10 min. The resulting supernatant was used immediately for sterol synthesis assays. The concentration of protein in the homogenate was measured using a kit (Bio-Rad Protein Assay, Bio-Rad Laboratories, Veenendaal, Neth- 
erlands) with bovine serum albumin as a standard. The measurement of sterol biosynthesis was carried out according to a modified method of Kato and Kawase. 8, 9) Incubation mixtures (1 ml) were prepared so as to contain cell-free extracts (protein concentration: 43 mg/ml, 0. 93 ml), cofactor (50 pl: containing 1pmol NADP+, 1 p mol NAD+, 3 pmol glucose-6-phosphate, 5 pmol ATP, 1 amol reduced glutathione in 0. 1 M phosphate buffer), and metal ions (10 pl: containing MgCl2 3 pmol, MnCl2 3 pmol in distilled water). One pl of solution of the compound dissolved in dimethyl sulfoxide was added to the reaction mixture. Sterol synthesis was initiated by adding 5 pl of 18. 5 kBq N, N'-dibenzylethylenediaminedi-DL-[2-14C]mevalonate (sp. ac. 1. 92 Bq/mmol, Amer-sham). The reaction mixture incubated with vigorous shaking at 28oC for 3 hr, were saponified at 80oC for 30 min after adding 1 ml of 20% KOH in 90% ethanol (v/v), and extracted with 3 ml of n-hexane twice. Unsaponifiable fraction was condensed and separated on thin-layer chromatogram (TLC plates: Silicagel 60 F254 precoated, 0. 25 mm thick 20 x 20 cm, Merck) with nheptane: diisopropyl ether: acetic acid (60: 40: 4) and radioactivity on the TLC plates was detected with an image analysing system (BAS 2000, Fuji Film Co., Ltd).
RESULTS AND DISCUSSION
1. Fungicidal Activities of 2-Anilono-4 phenylthiazoles Table 1 shows antifungal activities of substituted 2- anilino-4-phenylthiazoles against T mentagrophytes, B. cinerea and P. oryzae, among which T mentagrophytes was most sensitive to the chemicals.
The similar result was obtained in the thiadiazoles in our previous paper. 3) Substitution effects of 4-phenyl moiety for a series of the thiazoles having a para-chloroanilino group at the 2position were as follows: Among chloro-substituted phenyl compounds (2) (3) (4) , the ortho-chloro derivative (2) exhibited the strongest activity, while the meta-chloro (3) derivative was moderately active and the para-chloro analog (4) lost the antifungal activity against T mentagrophytes. The 2, 6-dichloro substituted compound (5) showed stronger fungicidal activity than the corresponding thiadiazole compound (38)3 against T, mentagrophytes and B. cinerea.
Although 2, 6-dichloro substitution at 3-phenyl group was essential for the activity in the first lead compounds, i. e. 5-anilino-3-phenyl-1, 2, 4oxadiazoles, 3) any of the 4-(2, 6-disubstituted phenyl)thiazole analogs having substituents other than chloro (5) (6) (7) (8) also maintained high fungicidal activity against T. mentagrophytes.
The order of fungicidal activity was found as follows; dichloro (5)=dimethoxy (8)>dimethyl (7)>difluoro (6) . This order may be related to their steric feature of the ortho-substituents, such as the L value of STERIMOL parameter10) expressed substituent-length.
Introduction of halogen atom at meta-position of 4-phenyl group decreased the antifungal activity against T mentagrophytes (2 vs. 9, 8 vs. 11). Between two 4-naphthylthiazoles, the a-naphthyl compound (2, 3-(CH=CH)z-, 12) showed higher activity than the /3analog (3, 4-(CH=CH)z-13).
Tese results suggest sterical limitation on the meta and para-position of the phenyl ring for the fungicidal activity.
All the 2-anilino compounds except that with t-butyl (22) showed moderate or high fungicidal activity against T mentagrophytes, when the substituents on 4-phenyl group were fixed to 2, 6-dichloro. Introduction of electron-withdrawing lipophilic substituents at paraposition of anilino group, e. g. Cl (5) , Br (16), I (18), CF3 (25), OCF3 (26), was favorable for the high activity, while the compounds substituted with electronwithdrawing hydrophilic substituents e. g. SOCH3 (28), SO2CH3 (29), N02 (30), had low fungicidal activity. Dihalo-substituted compounds (32-34) did not show any increase of fungicidal activity.
In general, the compounds having high activity against T mentagrophytes also exhibited strong activity against B. cinerea (5, 7-8, 10, 12, 16-19, 25-27, 33). Most of the compounds showed high activity against P. oryzae with some exceptions (9, 13, 30, 31, 37) . The N-methylanilino analog (35) and the 2-benzyl analog (37) exhibited weak or no fungicidal activity. This agreed with our previous findings in the oxadiazole and the thiadiazole compound.
3)The phenoxy analog (36) showed moderate activity against all fungi. Table 2 shows accumulation of squalene synthesized from [2-14C]-acetate in T. mentagrophytes after treatment of compounds 5, 8, 12 and 13. Compounds 5 and 8 caused significant increase in accumulation of squalene even at 1 X 10-9 M like tolnaftate, which is compatible with their potent fungicidal activity. The a-naphthyl compound (12) yielded squalene as much as compound 5, while the j3-analog(13) increased only a slight amount Table 2 Accumulation of squalene by the thiazole compounds in TT mentagrophytes.
Accumulation of Squalene by the Thiazole Compounds in T. mentagrophytes
In the absence of the compounds, 2. 7% squalene was accumulated. a) Accumulation of squalene was caluculated with equation A(%)=(squalene/ total unsaponifiable lipids) x 100.
of squalene at 1 X 10-8 M, which reflected the complete loss of fungicidal activity against T, mentagrophytes.
In the Nussbaumer's model, squalene epoxidase inhibitors have two lipophilic moieties, in which at least one lipophilic domain is bicyclic aromatic ring system (e. g. naphthalene or tetrahydronaphthalene). 4) In the thiazole compounds the a-naphthyl derivative (12) was more favorable than j3-analog (13) both for fungicidal activity and squalene accumulation.
The similar relation was observed for antifungal allylamines such as naftifine, in which a-naphthylmethyl moiety was essentially important for antifungal activity.11) Ryder hypothesized that the naphthalene ring of allylamines binds to substrate binding site of squalene epoxidase, while the other lipophilic domain interacts with another lipophilic site of the enzyme. 2) In the thiazole compounds, 2, 6-dichlorophenyl moiety is likely biologically equivalent to a-naphthyl group as a lipophilic domain in squalene epoxidase inhibition.
The computational
fitting study of the inhibitors will be reported elsewhere. Table 3 shows fungicidal activity and accumulation of squalene synthesized from [2-14C]-acetate in B. cinerea after treatment of thiazole compounds having various substituents. The potency of squalene accumulation was correlated with the antifungal activity. Compounds 5 and 8 yielded a large amount of squalene at 1 X 10-6 M, and these compounds showed high antifungal activity. Compound 15 having a meta-chloroanilino group, which was much less active than the para-chloro analog (5) against B. cinerea, did not increase squalene even at 1 X 10_5 M. Among unsubstituted or monochlorosubstituted phenyl compounds (1) (2) (3) (4) , only ortho-chloro derivative (2) showed accumulation of squalene slightly at 1 X 10-5 M, when the substituent on anilino group was fixed to para-chloro. However, this compound (2) was Table 3 Accumulation of squalene by the thiazole compounds in B. cinerea.
Accumulation of Squalene by the Thiazole Compounds in B. cinerea
In the absence of the compounds, 1. 6% squalene was accumulated. a) See Table 2. inactive against B. cinerea. The N-methylanilino analog (35) and the 2-benzyl analog (37), which showed no antifungal activity, did not accumulate squalene. The phenoxy analog (36) increased squalene significantly at 1 x 10-s M, which reflected its moderate activity against B. cinerea. Antifungal activitiy and the squalene accumulation by the thiazole compounds in T mentagrophytes and B. cinerea were well correlated as mentioned above, and hence the mode of action of the thiazoles tested in this study was strongly suggested as squalene epoxidase inhibition. 4 . Effects of 2-(4-chlorophenylamino)-4-(2, 6dichlorophenyl)thiazole (5) on Sterol Biosynthesis in a Cell free System from S. cerevisiae Fig. 3 shows the autoradiogram of TLC separation of unsaponifiable lipids synthesized from [2-14C] mevalonate in cell free assays from S. cerevisiae. By comparing their Rf values with authentic samples and literature data, bands 1, 2, 3, 4 and 5 were identified as squalene, 2, 3-oxidosqualene, 4, 4-dimethyl sterols, 4amethyl sterols, and 4-desmethyl sterols, respectively. 12, 13) Table 4 summarizes radioactivity incorporated into the unsaponifiable lipids fractions of the autoradiogram by image analyzing system. In untreated control, 4desmethyl sterols (76. 7%), the major components of sterols, and a little amount of squalene (17. 2%) were accumulated. Compound 5, which was most active against T. mentagrophytes and B. cinerea, caused an accumulation of squalene (44. 9%) at I X 10-5 M. The increase was accompanied with decrease of 4-desmethyl sterols (47. 2%). Treatment of tolnaftate, a known squalene epoxidase inhibitor, gave the similar accumulation patterns of unsaponifiable lipids fractions. With treatment of compound 5 at I X 10-4 M, significant increase of squalene (80. 3%) and remarkable decrease of 4-desmethyl sterols (15. 3%) were observed. Triflumizole14>known as a sterol demethylation inhibitor accumulated 4, 4-dimethyl sterols (54. 0%) and 4methylsterols (10. 3%) at I x 10-5 M, which was accompanied with decrease of 4-desmethyl sterols (12. 6%).
Concluding Remark
In this and previous papers, 3)we have investigated the structure-activity relationships of the new type of squalene epoxidase inhibitors, which contains two lipophilic domains (such as 2, 6-dichlorophenyl and substituted anilino groups) and a spacer of heteroaromatic ring. The heteroaromatic rings such as oxadiazole, thiadiazole and thiazole were shown to be biologically equivalent spacer. Among the compounds investigated, 2-(4chlorophenylamino)-4-(2, 6-dichlorophenyl)thiazole (5) showed the highest fungicidal activity against T. mentagrophytes and B. cinerea, and was more potent in fungicidal activity than tolnaftate, a clinically used thiocarbamate. This compound inhibited squalene epoxidase 
